Pheromones can have profound effects on reproductive physiology and behavior in mammals. To investigate the neural circuits underlying these effects, we used a genetic transneuronal tracer to identify neurons that synapse with GnRH (LHRH) neurons, the key regulators of reproduction. We then asked whether the connected neurons are presynaptic or postsynaptic to GnRH neurons and analyzed their responses to chemosensory cues. Surprisingly, these experiments indicate that GnRH neurons receive pheromone signals from both odor and pheromone relays in the brain and may also receive common odor signals. Moreover, feedback loops are evident whereby GnRH neurons could influence both odor and pheromone processing. Remarkably, w800 GnRH neurons communicate with w50,000 neurons in 53 functionally diverse brain areas, with some connections exhibiting sexual dimorphism. These studies reveal a complex interplay between reproduction and other functions in which GnRH neurons appear to integrate information from multiple sources and modulate a variety of brain functions.
Introduction
The olfactory system plays an important role in reproductive physiology and behavior in most mammals. In rodents, pheromones detected by the olfactory system can stimulate male and female sexual behaviors as well as influence the level of reproductive hormones (Wysocki and Lepri, 1991; Meredith, 1998; Halpern and Martinez-Marcos, 2003; Novotny, 2003) . These effects are thought to result primarily from the flow of pheromone signals through the vomeronasal ("accessory olfactory") pathway, which initiates in the vomeronasal organ (VNO) in the nasal septum (Wysocki and Lepri, 1991; Meredith, 1998; Keverne, 1999; Dulac and Torello, 2003) . This pathway runs parallel to the main olfactory pathway, which carries odor signals generated in the nasal olfactory epithelium (OE). Via these separate pathways, signals derived from the VNO and OE are ultimately targeted to different brain areas (Buck, The effects of pheromones on neuroendocrine status are mediated by GnRH neurons, a small subset of w800 neurons that are found scattered in the anterior hypothalamus and adjacent areas (Silverman et al., 1994; Meredith, 1998; Gore, 2002) . These neurons secrete gonadotropin-releasing hormone (GnRH, also known as luteinizing hormone-releasing hormone [LHRH]), a decapeptide that stimulates the release of gonadotropins (luteinizing hormone [LH] and follicle-stimulating hormone [FSH] ) from the pituitary. The gonadotropins act on the gonads, regulating puberty onset, gametogenesis, and estrus cycling. Brain injections of GnRH can stimulate sexual behaviors in both male and female rodents, suggesting that GnRH neurons also participate in neural circuits that control these behaviors (Meisel and Sachs, 1994; Pfaff et al., 1994; Gore, 2002) . Consistent with the idea that GnRH neurons have additional roles, GnRH neurons project axons not only to the median eminence at the base of the hypothalamus, where GnRH peptide is released, but also to other brain areas (Silverman et al., 1994) .
The fact that GnRH neurons are the master regulators of reproductive endocrine status indicates that pheromone effects on reproductive hormone levels are ultimately mediated by these neurons. Indications that GnRH peptide plays an important role in the control of sexual behaviors suggest that pheromone effects on these behaviors might also involve GnRH neurons. Certain brain areas, including ones that carry vomeronasal inputs (Simerly, 2002) , have been shown to project axons to the anterior hypothalamus, raising the possibility that they synapse on GnRH neurons. However, in addition to being highly dispersed, GnRH neurons constitute only a minute fraction of the neurons in this region. Thus, it has not been possible to determine with conventional methods how pheromone signals or other signals impact GnRH neurons and thereby alter neuroendocrine status and possibly behavior.
To investigate the mechanisms underlying pheromone effects on reproductive physiology and behavior, we expressed a transneuronal tracer in GnRH neurons in transgenic mice. This permitted the identification of brain areas that have direct connections with GnRH neurons as well as the definition of specific subsets of neurons within those areas that synapse with GnRH neurons. By comparing the locations of those neurons with the locations of GnRH axons, it was further possible to predict whether the connected neurons transmit signals to GnRH neurons or receive signals from them. These studies, together with studies of neuronal activation by pheromones, strongly suggest that GnRH neurons receive pheromone signals from subsets of neurons located in both odor-and pheromone-processing areas. Moreover, it appears that they can receive information about common odorants. Interestingly, GnRH neurons have bidirectional contacts with both odor-and pheromone-relay areas, implying that they can modulate the processing and transmission of both odor and pheromone signals. These studies also reveal contacts between GnRH neurons and numerous other brain areas with diverse functions and define subsets of neurons within those areas that are likely to be pre- synaptic or postsynaptic to GnRH neurons. Among these are several areas associated with sexual behavior whose connections with GnRH neurons exhibit sexual dimorphism. These findings indicate that GnRH neurons are likely to integrate information from multiple sources and, in turn, have an impact on numerous brain functions.
Results

Mice Expressing a Genetic Tracer in GnRH Neurons
We first prepared transgenic mice in which the promoter of the Gnrh1 gene controls the expression of two proteins: barley lectin (BL), a transneuronal tracer, and green fluorescent protein (GFP; see Experimental Procedures; Figure 1A ). An IRES sequence separated the two coding regions, permitting independent translation of the two proteins. When expressed in neurons, BL travels retrogradely to upstream ( Figure 2C ). In individual male and female BIG mice, we counted w600 GnRH + neurons (w75% of the w800 GnRH neurons; Wray et al., 1989), each of which was also GFP + , and similar results were obtained in other BIG mice in which large numbers of GnRH + neurons were examined. These experiments indicated that the transgene is expressed exclusively in GnRH neurons in BIG mice, and that most or all GnRH neurons express the transgene.
Definition of GnRH Neural Circuits
We next analyzed the locations of BL + neurons and GnRH + axonal fibers in four male and four female BIG mice. Antibodies against BL and GnRH were used to immunostain adjacent 14 m coronal sections at 70 m intervals throughout the brain (excluding the olfactory bulb at the anterior end). Labeled cells and fibers were assigned to specific brain areas using a mouse brain atlas (Franklin and Paxinos, 1997 barely detectable in the synaptic partners of the bulb relay neurons in the olfactory cortex. It is also highly unlikely that the BL labeling seen in BIG mice is due to the leakage of BL from the axons of GnRH neurons, since many areas that contained GnRH axons did not contain BL + neurons, presumably because those axons were en route to target neurons in other areas.
Feedback Loops between Pheromone Relays and GnRH Neurons
Pheromones are thought to be detected predominantly by the accessory olfactory ("vomeronasal") system. In this system, signals generated in the VNO are relayed through the accessory olfactory bulb (AOB) to two areas of the amygdala that are together called the "vomeronasal amygdala," the MEA (medial amygdala) and PMCO (posterocortical amygdalar nucleus). From there, signals are relayed to the hypothalamus both directly and indirectly via the BSTMPM, an area that also receives a minor input from the AOB (Dong et al., 2001 We next examined whether BL + neurons in the MEA and PMCO can be stimulated by pheromones that alter reproductive neuroendocrine status. Female mice were exposed to α-farnesene, a pheromone in male mouse urine that induces estrus in group-housed females (Ma et al., 1999) or to the pheromone diluent DMSO (control). Males were exposed to clean bedding (control) or to female-soiled bedding, which induces a serum LH surge believed to result from the release of GnRH in response to female urinary pheromones ( 
Bidirectional Communication between GnRH Neurons and Odor Relays
In the main olfactory system, odor signals derived from the OE are relayed through the main olfactory bulb (MOB) to the olfactory cortex, which is composed of multiple distinct areas that transmit information to other brain areas (Shipley et al., 1995) . Surprisingly, BL + neurons were found in several areas of the olfactory cortex. These included the two areas of the piriform cortex (APC and PPC; Figure 4D ) and the anterior cortical nucleus of the amygdala (ACO; "olfactory amygdala"; Figure 4E ). BL + neurons were also seen in two areas downstream of olfactory cortical areas, the endopiriform nucleus (D/EN and V/EN), which receives input from the overlying piriform cortex, and the basomedial amygdala nucleus (BMA), which receives signals from the ACO. In each area, only a subset of neurons was BL labeled, indicating that only some of the neurons in each area communicate with GnRH neurons (Figures 4D and 4E Examination of mice exposed to pheromones (see previous section) revealed that some BL + neurons in these olfactory areas are stimulated by pheromones. The ACO contained many c-Fos + neurons in females exposed to α-farnesene (w220 cells), but not DMSO (w5 cells), and many more c-Fos + neurons in males exposed to female-soiled bedding (w1750 cells) than clean bedding (w250 cells). In pheromone-exposed animals, many but not all of the c-Fos + neurons were BL + (w35% in both males and females), and only some of the BL + neurons were c-Fos + (w20% in females and w30% in males; Figures 5E and 5F). We observed c-Fos + /BL + neurons in the EN (V/EN) in pheromone-exposed males, but not females. However, in this area, the number of c-Fos + neurons was small, and female-soiled bedding and clean bedding gave similar results. After exposure to female-soiled bedding, the V/EN contained w30 c-Fos + cells, w40% of which were BL + , and after exposure to clean bedding, it contained w25 c-Fos + neurons, w20% of which were BL + . These results indicate that pheromone signals can be generated in the OE and then relayed to GnRH neurons via the olfactory cortex, both directly (ACO) and through a downstream area (V/EN). They further suggest that GnRH neurons can receive information about common odorants in clean bedding from at least one of these areas (V/EN). In addition, GnRH neurons appear to innervate the olfactory cortex, suggesting that they can modulate the processing of odor or pheromone signals in this structure.
Direct Contacts Link GnRH Neurons to Sexual Behavior
BL
+ neurons were also seen in several different brain areas that have been implicated in sexual behaviors (Simerly, 2002) . These include two brain areas that process pheromone signals, the MEA and BSTMPM (see above), and three different areas of the hypothalamus: (1) the VMHvl (ventrolateral part of the ventromedial hy-pothalamic nucleus), which is associated with female sexual posturing (lordosis); (2) the MPN (medial preoptic nucleus), which is involved in male sexual behaviors (mounting, intromission frequencies, ejaculation latency); and (3) the PMV (medial premammillary nucleus), which is thought to be involved in both male and female sexual behaviors ( Figure 6A; Meisel Figure 6C ). In contrast, none were costained with antibodies against the 67 kDa isoform of GABA decarboxylase (GAD67), an enzyme used in GABA synthesis (Erlander et al., 1991) . These results suggest that both the PMV and VMHvl contain a large number of neurons that transmit excitatory signals to GnRH neurons and thus may enhance neuroendocrine status and/or sexual behaviors.
Numerous Brain Areas Communicate with GnRH Neurons
In these studies, subsets of BL + neurons were found in a total of 53 different brain areas, many with no known link to odor or pheromone processing or sexual behavior (Figure 3; Table 1 ). It appears that neurons in at least 26 brain areas transmit signals to GnRH neurons. These include BL + neurons in 19 brain areas that lacked GnRH + fibers and another seven areas that contained GnRH + fibers, but in which some BL + neurons were located at a considerable distance from the fibers (more than w250 m away). Some of these areas are likely to provide additional sensory information to GnRH neurons, such as areas that process inputs from multiple sensory modalities (BSTS, BSTLV) and areas that carry information about body posture (MveMC) or oral-facial sensations (Sp5O). Other areas may transmit information to GnRH neurons about the animal's state of arousal (PNO/PNC; Jones, 1995) or reward (nucleus accumbens). GnRH neurons also appear to receive inputs from a number of different areas of the hypothalamus, a complex structure known to control a wide variety of basic drives, hormone systems, autonomic responses, and instinctive behaviors (Simerly, 1995; Swanson, 2000a Swanson, , 2000b Simerly, 1995) , an area of the pallidum involved in motor programs (e.g., locomotion) (VP), and several areas of the thalamus, a structure that relays information to the cerebral cortex. These results indicate that GnRH neurons are likely to influence a large variety of functions, including basic drives, instinctive behaviors, and higher cortical processes.
Sexual Dimorphism in GnRH Neural Circuits
To compare GnRH neural circuits in male and female animals, we examined the locations of BL + neurons in aligned digital photographs of sections through the brains of four male and four female BIG mice. We also determined the number of BL + neurons in individual brain areas in every fifth section through the brains of three animals of each sex.
These analyses revealed that some GnRH neural circuits are sexually dimorphic. Males had about twice as many BL + neurons in three brain areas associated with sexual behaviors: the BSTMPM, PMV, and MPN (Table  1) . Conversely, in two subareas of the VMH, the VMHc and VMHdm, the numbers of BL + neurons in females exceeded those in males by about 16-and 9-fold, respectively. Given the absence of GnRH + fibers in the VMHc and VMHdm, these BL + neurons are likely to transmit signals to GnRH neurons. Unlike the VMHvl, which is associated with female sexual posturing, the VMHc and VMHdm have not previously been linked to sexual behavior. However, these findings suggest that the BL + neurons in these subareas play a unique role in the modulation of GnRH neurons, and therein reproduction, in female animals.
With the exception of these few sexual dimorphisms, GnRH neural circuits appear to be strikingly similar among both male and female BIG mice. BL + neurons were consistently found in the same areas in mice of both sexes (Table 1) . Moreover, there was a marked similarity among animals in the number of BL + neurons in individual brain areas (Table 1) .
These studies indicate that GnRH neurons synapse with w25-27 thousand neurons in each hemisphere. Based on the locations of GnRH fibers, at least 5000 of these neurons appear to be presynaptic to GnRH neurons. Thus, in both males and females, 800 or so GnRH neurons communicate with about 50,000 other brain neurons, at least 10,000 of which are likely to transmit modulatory signals to GnRH neurons.
Discussion
GnRH neurons are the master regulators of reproductive neuroendocrine status in mammals and are also implicated in sexual behaviors. To gain insight into how pheromones influence reproductive physiology and behavior, we used a genetic transneuronal tracer to define subsets of brain neurons that synapse with GnRH neurons. The relative locations of the connected neurons and axons containing GnRH peptide allowed prediction of whether the connected neurons were presynaptic or postsynaptic to GnRH neurons. These studies suggest that GnRH neurons receive pheromone signals from both odor-and pheromone-relay areas in the brain and may also receive information about common odorants. Bidirectional contacts are evident in these connections, suggesting that GnRH neurons also modulate odor-and pheromone-signal processing. It is apparent that GnRH neurons also communicate with a large number and variety of other brain areas, including areas involved in sexual behavior. Through these connections, GnRH neurons appear poised to integrate information from multiple sources and then influence diverse functions to optimize reproductive success. In these studies, pheromones that alter reproductive physiology induced c-Fos in BL + neurons in both odorand pheromone-relay areas, suggesting that GnRH neurons receive pheromone signals via both the main and accessory olfactory systems. Interestingly, neither a single pheromone nor a likely source of multiple pheromones (soiled bedding) induced c-Fos in all BL + neurons that appeared to be presynaptic to GnRH neurons in these areas. This implies that GnRH neurons and thus neuroendocrine status are modulated by other chemosensory cues beyond those tested here. Surprisingly, clean bedding induced c-Fos in BL + neurons that appeared to be presynaptic to GnRH neurons in one olfactory relay (V/EN), suggesting that GnRH neurons receive information not only about pheromones but also common odorants. Using the methods employed here, it should be possible in future studies to gain insight into the spectrum of pheromone and odor cues that can influence GnRH neurons. One intriguing possibility is that some BL + neurons upstream of GnRH neurons transmit excitatory signals to GnRH neurons whereas others transmit inhibitory signals, a scenario that could potentially explain the enhancing versus suppressing effects of different pheromones on neuro- (Simerly, 2002) . Thus, size differences do not necessarily translate into differences in the sizes of all neuronal subsets within a structure, even if those subsets appear to be involved in reproduction.
Pheromone Signaling to GnRH Neurons by Odor and Pheromone Relays
The present studies also identify as being sexually dimorphic two subareas of the VMH (VMHc and VMHdm), neither of which was previously known to be sexually dimorphic or involved in reproduction. These subareas had 9-to 16-fold more BL + neurons in females than males. All of these neurons appear to be presynaptic to GnRH neurons, suggesting that they play roles in reproduction that are unique to females. Future molecular studies of neuromodulators and neuromodulator receptors expressed by these and other BL + neurons in sexually dimorphic areas may shed light on signaling molecules that control neuroendocrine status and sexual behavior in mammals. 
GnRH Neurons as Integrators and Modulators
Experimental Procedures
Preparation of BIG Mice A 5# fragment of the mouse Gnrh1 gene (−3446 to +23) provided by Dr. James Roberts was fused to a truncated barley lectin cDNA (Horowitz et al., 1999) followed by an IRES element (Zou et al., 2001 ) and then GFP coding sequence (from pIRES2-EGFP, Clontech). After release from the vector by restriction enzyme digestion, the transgene was injected into pronuclei from C57BL/6J mice using standard procedures. Southern blotting and PCR confirmed integration of the transgene. Transgenic mice were maintained in a pure C57BL/6J background.
Immunohistochemistry
Mice were perfused transcardially with 4% paraformaldehyde (fixative). Their brains were then soaked in fixative for 2 hr, in 30% sucrose for 48 hr, and then frozen in OCT and cut into 14 m sections with a cryostat (Zou et al., 2001 ). Brain sections were treated with goat anti-wheat germ agglutinin (WGA) antibodies (which recognize BL) (Vector; 0.8 g/ml; 2 hr; room temperature [rt]) and then with biotinylated anti-goat IgG (Vector; 0.8 g/ml; 1 hr). Sections were then treated according to manufacturer's instructions with components of the TSA (NEN) and ABC and DAB (Vector) kits. Mouse antiGnRH antibody (Sternberger) was used at 1:500 (2 hr; 37°C) and visualized using the M.O.M peroxidase kit (Vector) according to the manufacturer's instructions. Rabbit anti-GFP antibodies (Molecular Probes) were used at 1:200 (2 hr; 37°C), followed by biotinylated anti-rabbit antibodies at 1:500 (1 hr; rt), and then ABC and DAB kit components (all from Vector).
Immunofluorescence
Brain sections (see above) were treated with goat anti-WGA antibodies (see above) (0.8 g/ml; 4°C; 12-16 hr) followed by biotinylated horse anti-goat IgG (Vector; 0.8 g/ml; 1 hr) and then treated according to manufacturer's instructions with components of the TSA kit (Perkin Elmer). Sections were then incubated with streptavidin-Alexa 488 or 546 (Molecular Probes; 4 g/ml; 30 min; rt) and then treated with one or a combination of the following antibodies: (1) mouse anti-glutamate decarboxylase 67 kDa isoform (Chemicon; 1:600; 2 hr; 37°C) followed by Cy3-donkey anti-mouse Ig (1 hr; rt); (2) rabbit anti-glutamate transporter EAAC1 (Alpha Diagnostics; 1:200; 2 hr; 37°C) followed by Alexa 488-donkey anti-rabbit Ig (1 hr; rt); (3) mouse anti-GnRH (Sternberger; 1:500; 2 hr; 37°C) followed by Cy5-donkey anti-mouse Ig (1 hr; rt); (4) rabbit anti-GFP (Molecular Probes; 1:200; 2 hr; 37°C) followed by Cy3-donkey anti-rabbit Ig (Jackson Labs; 1 hr; rt); (5) rabbit anti-c-Fos (Santa Cruz; 1:300; 2 hr; 37°C) followed by Cy3-donkey anti-rabbit Ig (Jackson Labs; 1 hr; rt). All secondary antibodies were used at 1:500-1:1000. Slides were coverslipped with Vectashield mounting medium containing DAPI (Vector).
In Situ Hybridization
Brains were frozen in OCT, and 14 m coronal cryostat sections were hybridized to digoxigenin-labeled cRNA probes at 56°C, as previously described (Zou et al., 2001 ). The BL probe was generated from the BL-coding region of pLH8-2 (Horowitz et al., 1999) . After hybridization, sections were washed twice in 0.2× SSC at 72°C for 30 min, incubated with anti-DIG-peroxidase (Roche; 1:1000) at 37°C for 2 hr, and then treated with components of the TSA, ABC, and DAB kits (see above) according to manufacturer's instructions.
Data Analyses
Each brain was sectioned from the anterior tip of the olfactory bulb to the brain stem, and whenever possible, all the sections were collected. Positions of a few missing sections were carefully recorded to accurately estimate anterior-posterior distances from the section numbers. Initially, three male and three female 3-month-old littermates were analyzed with BL, GnRH, and GFP stainings on adjacent sections throughout the brain. Wild-type C57/BL6J mice, wild-type littermates of the transgenic mice, and Pomp-BL (Horowitz et al., 1999) transgenic mice of the same age were treated the same way as transgenic mice and were used as controls throughout the studies. Brain structures were identified microscopically and in digital photos using a mouse brain atlas (Franklin and Paxinos, 1997).
Pheromone Exposure
Female mice were placed singly in an isolated chamber with input and output ports, exposed to charcoal-filtered air for 16 hr, to filtered air bubbled through a 5% solution of α-farnesene (Bedoukian) in dimethyl sulfoxide (DMSO) or to DMSO alone twice for 1 min separated by 5 min., and then to filtered air for 1 hr (Zou et al., 2005) . Individual male mice were placed in a cage containing female-soiled bedding (a cage previously occupied by female mice for 3 days) or in a cage containing clean bedding for 1.5 hr. The mice were subsequently perfused with fixative as described above.
